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This Exectit ive Sumnary of the Phase B a c t i v i t y  on the F e a s i b i l i t y  
Study o f  a Pressure Fed Engine f o r  a Water Recoverable Space Shut t le  
Booster i s  prepared f o r  the National Aeronautics and Space Administra- 
t ion,  Marshall Space F l i g h t  Center. The f i n a l  candidate engine w i th  
i t s  a l te rna te  var ia t ions has been designed and a pre l iminary design 
package completed. The enclosed datz complete the Executive Volume 
reqdirements f o r  MA-05 of Contract NAS 8-28218. 

An overa l l  schedule for a PFE program along w i t h  program cos t  i s  
included i n  the Executive Summary. 
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1. INTRODUCTION AND SUMMARY 

;.1 GENERAL 

Y .  
L 

, .  

- .  ... . 
. I  . 

.> -. ... 

. .  . .' .. . .. . .. . . .. ~ 

.* . -. 

- _  
. : 1 

The water recoverablc reusable pressure-fed engine propulsion stage 
approach has the po ten t ia l  o f  offering! re1 i a b l e  end economical propuls ion 
i n  the next decades o f  space explorat ion and u t i l i z a t i o n .  The s i m p l i c i t y  
o f  the propuls ion system, the optimum low pressure operating 'regime f o r  
the engines, the minimum t o t a l  number o f  ac t i ve  elements, and the al low- 
able sheer ruggedness oF the ove ra l l  design approach resu l t s  i n  a launching 
stage which v i r t u a l l y  guararfLies low operational costs. By incorporat ion 
o f  a design philosophy which always dr ives the design towards minimum t o t a l  
program cos t  and a requirement t h a t  any engineering approach must be ac- 
compl ished by responsibly generated cos t  ef fect iveness resu l t s  , a der ived 
design approach i s  taken which provides the end r e s u l t  o f  minimum cos t  
w i t h  high r e l i a b i l i t y .  
f o r  such a vehicle, i t  i s  necessary t h a t  a l l  the requi red funct ions o f  the 
t o t a l  vehic le  be analyzed i n  terms o f  t h e i r  composite cos t  e f f e c t  on the 
whole program. Unknown areas requ i re  t h a t  care fu l  r i s k  assessment be made 
and a l t e r n a t i v e  approaches be evaluated as insurance t o  meet the ove ra l l  
program requirements and goals. 

Because o f  the strong d r i v i n g  cos t  payoff  funct ions 

TRW Systems was awarded contract  NAS 8-28218 on 24 November 1971 t o  
perform a 3-month program o f  engine design and system support t o  on-going 
NASA vehic le  study contracts and t o  accomplish Phase A/B pre l iminary 
analysis o f  candidate pressure-fed engines (PFE). The Phase A e f f o r t  t e r -  
minated on 19 January 1972 w i t h  a documentation o f  the techn ica l l y  der ived 
design and support ing analysis data and a formal presentat ion o f  the re- 
sul t s  a t  NASA/MSFC. 

1.1.1 Phase A Summary 

The Phase A basic program object ives were as fo l lows:  

1 )  

2) 

Parametric d e f i n i t i o n  o f  a pressure-fed engine system f o r  
t h r u s t  1 eve1 s , propel 1 ants , etc.  
D e f i n i t i o n  o f  i n te r face  data requi red by the booster Phase 
B prime contractor(s)  f o r  t h e i r  p a r t i c u l a r  booster conf ig-  
ura ti ons 
D e f i n i t i o n  o f  a pre l iminary basel ine design f o r  the pressure- 
fed  engine system approved by NASA 

3) 

1 
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4 )  

5)  

6 )  I d e n t i f i c a t i o n  o f  cost/performance/mission effect iveness 
7 )  Recomendations. 

Determination o f  required engine operational cha rac te r i s t i cs  
Determination o f  research, design, t e s t  and evaluation, pro- 
duct ion and operztiona! costs f o r  the selected systems 

For the Phase A/B type of design studies i n  t h i s  program two propel- 
l a n t  combinations were cons iderec  L02/RP-1 and L02/C3H8. The Pkse  B 

e f f o r t  was d i rected t o  considerat ion o f  the L02/RP-1 combination. As a 
Phase A/B study t o  determine the f e a s i b i l i t y  o f  the PFE f o r  the Space 
Shut t le  booster the design studies were necessar i ly  l i m i t e d  t o  key e f f o r t s  
which had major impacts on the  technological f e a s i b i l i t y  assessment o f  the 
concept. As a r e s u l t ,  the stress,  thermal, and dynamic studies were by no 
means complete for  f i n a l  design purposes. They were s u f f i c i e n t l y  CF %ted 
t o  provide enginewing evaluat ion o f  the overa l l  concept. 

This Executive Volume presents an overview o f  the r e s u l t s  o f  the anal- 
yses conducted i n  support o f  the selected engine system f o r  the pressure- 
fed booster stage. 

engine program requirements are presented under separate cover i n  SE-019- 

008-2H-C (Part  11), Cost Estimating Data. 
pressure-fed engine (PFE) i s  a lso presenteb under separate cover i n  SE-0!9- 
008-2H-B (Part  I ) .  
Bock , SE-0; 9-01 1 -2H. 
presents the pre l iminary design package. A de ta i l ed  mass proper t ies sum- 

The cost ing analysis o f  the TRW Systems pressure-fed 

The development p lan fo: the  
1. 

The PFE design sumnary i s  presented i n  the Design Data 
The repo r t  Pre l  i m i  nary Design Package, SE-019-013-2H 

ma ry 

1.2 

i s presented i n  the Mass Propert ies Report, SE-019-015-2H. 

RECOMMENDED CONFIGURATION CHARACTERISTICS 

The design approach (Figure 1.2-1) t o  the TRW PFE was one o f  s imp l i -  
f y i n g  the engine t o  i t s  most rudimentary funct ions.  The engine features a 
24" diameter c e n t r a l l y  located i n j e c t o r  w i th  LO2 enter ing the engine a x i a l l y  
as shown. The diameter o f  the LO2 feeder i s  s e t  i d e n t i c a l  t o  the main 
vehic le  feed ducting w i th  feed v e l o c i t i e s  on the order o f  20 fps. The LOp 
enters the chamber r a d i a l l y  through 36 primary and 36 secondary s lo t s .  
These s l o t s  are on the order o f  3: x 0.7" and as such do n o t  possess any 
c r i t i c a l  tolerance dimersions. The f u e l  f lows through Q, 0.7" annulus i n  

-, : 
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Figure 1 . 2 4 .  TRW Pressure-Fed Engine Design Approach 

A 

.. c. 
. .  
> '  _... 3 



an a x i a l  d i r e c t i o n  where i t  in te rcepts  the r a d i a l l y  f lowing LO2. 
f e c t i v e  metering o r i f i c e s  then are not  c r ?  t i c a l  tolerance elements and 

are easil, inspected. 
the ambient temperature fue l  by a void t o  present undesireable temperature 
in te rac t ions .  
F-1 system. 

The ef- 

The cryogenic LO2 temperatures are separated from 

I g n i t i o n  i s  achieved w i t h  standard TEA/TEB, s i m i l a r  t o  the 

The fue l  enters the engine through an external  feeder +,ct o f  nominal 
14" diameter. 
enters the i n j e c t o r  a t  an estimated 2C ' 7  temperature higher than the supply 
temperature . 

A s ing le  up pass cool ing c i r c u i t  i s  u t i l i z e d .  The fue l  

The prope l lan t  shut o f f  valves are o f  the wafer type and serve on ly  
as on-of f  valves. 
power, o r  ( 2 )  the pressurized RP-1, o r  ( 3 )  the pressur iza t ion  system gases. 
These valves are % 14" f o r  the fue l  and Q 18" f o r  the LO2. 

The actuators can be dr iven  by: (1)  APU hydraul ic  

The tube bundle consis ts  o f  940 tubes. The approach taken i s  t o  se lec t  
a tubing s i z i n g  which i s  o f  standard m i l l  run. 
on ly  w i t h  respect t o  width i n  the  chamber w i t h  no tube wa l l  drawing required. 
This means a constant wa l l  thickness, constant perimeter tube i s  possible, 
r e s u l t i n g  i n  minimum tube costs. There are  no c r i t i c a l  dimensions f o r  the 
tube bundle f o r  the low heat f l u x  PFE. 

The tubes are  then shaped 

The chamber pressure s h e l l  extends t o  an area r a t i o  o f  Q 1.4: l .  The 
remainder o f  the nozzle i s  banded. 
i n t e g r a l l y  brazed as a u n i t .  

The e n t i r e  s h e l l ,  tube, and banding i s  

The gimbal mount i s  a 4 bearing mount, placed around the  ox id i ze r  i n -  
l e t  i n  a symmetrical gimbal r i n g .  

The l i f e  o f  the engine i s  y e d i c t e d  t o  e a s i l y  meet a mission requi re-  
ment o f  50 missions from a pressure and thermal f a t i gue  standpoint. This 
l i f e  i s  p a r t i c u l a r l y  enhanced by using a l l  the  f u e l  f o r  coo l ing  t o  minimize 

the tube w a l l  temperatures. 

The m g i n e  i s  fabr ica ted  from INCO 718 f o r  h igh corros ion resistance. 
N i  200 tubing would increase the l i f e  t o  greater  than 100. The weight o f  
the engine i s  11,467 l b s  dry  and 14.956 wet; these weights r e s u l t  i n  
higher th rds t lwe igh t  r a t i o s  than conventional engines can give,  p r i m a r i l y  
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because o f  the 660 l b  centra l  i n j e c t o r  element. 

The overa l l  envelope o f  the enginp i s  % 172.8" O.D. by i61.5" %o the 
plane o f  the gimbal r i ng .  

1.3 INJECTION SELECTION 

TRW Systems has taken the approac,: t ha t  the i n j e c t o r  se lec t ion  i s  the 
major f ac to r  i n  the PFE concept. The s ing le  most important d r i v e r  i n  any 
PFE development program, based upon past la rge  engine development, can be 
the occurrence o f  s tab i  1 i ty problems. 
i s  the only  concept used i n  a major NASA develppment (LMDE) which exper- 
ienced .- no combustion s t a b i l i t y  problems. 
scaled t o  250,000 l b f  a t  300 ps ia  and found t o  be dynamically s tab le.  I n  
addi t ion,  independent study by Dynamic Sciences, i n  support t o  t h i s  contract ,  
has ind icated tha t  the approach should be dynamic i l ly  s tab le t o  high f r e -  
quency i n s t a b i l i t y  inodes even a t  the l a rges t  s ize  PFE t o  be ccnsidered f o r  
any NASA booster conf igurat ion.  

T h e  TRW coaxial  p r i  n t l  e i n j e c t o r  

I n  research pragrams i t  has been 

I n  add i t ion  t o  predicted s t a b i l i t y  i n s e n s i t i v i t y ,  the element possesses 
the a b i l i t y  t o  incorporate t h r o t t l i n g  and/or face shuto f f  i n t o  the engine 
w i t h  minimum impact upon the overa l l  engine design. 
i s  required on booster x k i c l e s  t o  meet vehic le  accelerat icn and dynamic 
head 1 im i ta t ions .  To meet g-1 i m i  t a t i ons  , selected engine c u t o f f  shcenes 
have been proposed; however, the c u t o f f  engine cannot be adequately pro- 
tected wi thout  some ac t i ve  cool ing.  Further, pressure modulation o f  t h r u s t  
i s  sluggish and a t  the end o f  the maximum q - l i m i t  period, maximum t h r u s t  i, 
again required. As a consequence the t h r o t t l i n g  would be most effect. ' 

and by pressl;re t h r o t t l i n g  a t  the end o f  the f l i g h t  t o  mir?imfze o v e r a ~ ,  
pressur izat ion system weight i n  a PFB. I t  i s  the absolute minimum weight 
i n j e c t o r  design because i t  u t i l i z e s  only  one pressure dome i n  the engine. 
A key fac to r  i s  t h a t  i t  i s  fabr ica ted  from one s ing le  mater ia l ;  as a re-  
s u l t  there i s  no need f o r  any h i - h  conduct iv i ty ,  d i s s i m i l a r  metals which 
can be a cause o f  i n te rna l  corrosion. 

Some t h r u s t  rcodulation 

'Zy 
accomplished by mechanical t h r o t t l i n g  a t  the e a r l y  f l i g h t  q-control  i ,  4 s  

The basic i n j e c t o r  concept i s  i l l u s t r a t e d  i n  Figure 1.3-1 and 1.3-2. 
Ir, Figure 1.3-1 a f i x e d  t h r u s t  version i s  shown. The O2 enters the i n j ec tom 
a x i a l l y  f r o m  the main feed d c t  and f lows r a d i a l l y  outward through 36 primary $ 
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and 36 secondary rec tangdar  o r i f i c e s .  
3.00 x 0.75 inches f o r  the primary s l d s .  The fue l  enters through a d i s -  

t r i b u t i n g  manifold and flows d i r e c t l y  a x i a l l y  as a t h i n  % 0.7 inch con- 
tinuous annulus. The fue l  sheet i s  in tercepted by the oxygen j e t s  and 
in teg ra l  mixing and atomization preparat ion f o r  e f f i c i e n t ,  con t ro l l ed  
combustion i s  accomplished. The u n i t  i s  located d i r e c t l y  i n  the center 
o f  the combustion chamber pressure dome which i s  approximately a 2:l 
e l l i p t i c a l  h2ad. The approximate i n j e c t i o n  diameter i s  Q 24 inches f o r  
a 1,200K engine. 

These o r i f i c e s  are approximately 

As can be read i l y  appreciated there are  - no key c r i t i c a l  i n j e c t o r  
dimensions requ i r i ng  t i g h t  to lerance cont ro l .  The o r i f i c e  areas are  
la rge  enough t o  pass minor debr is and are  r e a d i l y  inspectable. Because 
o f  demonstrated co ld  head end temperature zones, i t  i s  no t  necessary t o  
use special h igh conduct iv i t y  mater ia ls  f o r  the i n j e c t o r  (such as copper 
which may introduce an electromechanical a t tack  problem). The minimum 
number o f  par ts  and s ing le  mater ia l  p a r t  wi th l a rge  o r i f i c e s  r e s u l t s  i n  
an extremely rugged part ,  v i r t u a l l y  guaranteed t o  possess extensive re-  
use 1 i f e  capabi 1 i ty  . 

The coaxial i n j e c t o r  approach al lows the incorporat ion o f  mechanical 
t h r o t t l i n g  (Figure 1.3-2) i n t o  the design w i t h  a minimum o f  d i f f i c u l t y .  

This i s  accomplished by the add i t i on  o f  the sleeve as shown. This sleeve 
i s  ex te rna l l y  actuated by hydraul ic  o r  electromechanical means. It can 
be continuously t h r o t t l e d  o r  step t h r o t t l e d .  As i l l u s t r a t e d  i t  i s  a d i r e c t  
app l i ca t ion  o f  the LMDE technology base. 

As the PFE i s  f u r t h e r  analyzed i t  may be found t h a t  i t  i s  h i g h l y  de- 
s i reab le  t o  add the feature o f  face shut -o f f  t o  the PFE. This would be 
done t o  prevent any sea water en t r y  i n t o  the engine. 
by simply c los ing the t h r o t t l i n g  sleeve. I n  appl icat ion,  a f t e r  boost 
termination, the residual  propel lants  vaporize o f f ,  and the sleeve i s  

closed, w i th  perhaps, 50 ps ia o f  pressurant gas locked up behind the face. 
This can be demonstrated i n  repeated tes ts  i n  previous TRW programs. 

I t  i s  accomplished 

: . 
i 
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2. DESIGN CONFIGURATION 

2.1 LANDIDATE CONFIGURATION 

f 

.) 

i 

The design approach t o  the TRW PFE has been one o f  s imp l i f y i ng  the 
engine t o  i t s  most rudimentary funct ions.  
meter c e n t r a l l y  located i n j e c t o r  w i t h  ox id i ze r  enter ing the chamber a x i a l l y  
as shown i n  Figure 2.1-1. T!e diameter o f  the ox id izer  feeder i s  s e t  iden- 
t i c a l  t o  the vehic le feed ducting and f low ve loc i t i es  are on the order o f  
20 fps. 
r a d i a l l y  through 36 primary and 36 secondary s lo t s .  These s l o t s  are on 
the order o f  3" x 0.7" and as such do no t  possess any c r i t i c a l  tolerance 
dimensions. The f u e l  f lows through % 0.7" annulus i n  an ax ia l  d i r e c t i o n  
where i t  intercepts  the r a d i a l l y  f lowing Txidizer.  The e f f e c t  o f  dimensional 

d i f ferences on these metering o r i f i c e s  i s  no t  c r i t i c a l .  They are e a s i l y  
c u t  by standard manufacturing pract ices and r e a d i l y  inspected. The cyro- 
genic c x i d i z e r  temperatures are sepal-ated from the ambient temperature 
fue l  by a vo id  t o  p r e v m t  undesireable tcmperature in te rac t ions .  I g n i t i o n  
i s  achieved w i t h  standard TEA/TEB, s i m i l a r  t o  the F-1 system. 

The engine features a 24" dia- 

The ox id izer  i s  turned a t  the i n j e c t o r  t i p  and enters the chamber 

The f u e l  enters the engine through an external feeder duct o f  nominal 
14" diameter. A s ing le  counter pass regenerative cool ing c i r c u i t  i s  u t i l -  
ized. The f u e l  enters the i n j e c t o r  a t  an estimated 200°F temperature 
higher than the supply temperature. 

The prope1:ant shu to f f  valves are o f  the wafer type and serve only  
as on-of f  valves. The actuators would be dr iven by: (1) APU hydraul ic  
power, o r  (2)  the pressurized RP-1 o r  (3)  the pressur izat ion system gases. 

These valves are % 14" f o r  the f u e l  and Q 16" f o r  the ox id izer .  

The design chamber tube bundle consists o f  940 tubes. The approach 
taken i s  t o  se lec t  a tubing s i z ing  which i s  o f  standard m i l l  run. The 
tubes are then shaped only  w i t h  respect t o  width i n  the  chamber w i t h  no 
tube wa l l  drawing required. This means a constant wa l l  thickness, con- 
s tan t  perimeter tube i s  possible, r e s u l t i n g  i n  a minimum tube cost. 
There are no c r i t i c a l  dimensions f o r  the tube bundle f o r  the low heat f l u x  
PFE. 

The chamber s h e l l  extends t o  an area r a t i o  o f  % 1.4:l. The remainder 
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o f  the  nozzle i s  banded. 
brazed as a u n i t .  

The e n t i r e  s h e l l ,  tube, and banding i s  i n t e g r a l l y  

The gimbal mount i s  a 4 bearing mount, placed around the oz id i ze r  i n -  
l e t  i n  a symmetrical gimbal r i ng .  

The l i f e  o f  the engine i s  predic ted t o  e a s i l y  meet a mission requi re-  

ment of 50 missions from a pressure and thermal f a t i gue  standpoint. This 
l i f e  i s  p a r t i c u l a r l y  enhanced by using a l l  the f u e l  f o r  cool ing t o  minimize 
the tube w a l l  temperatures. 

2.1.1 Weight and Envelope Summary 

The engine i s  fabr ica ted  from INCO 718 for high corrosion resistence. 
The weight o f  the engine i s  11,467 l b s  dry and 14.956 l b s  wet; these weights 
r e s u l t  i n  a higher thrust /weight r a t i o s  than conventional engines can give, 
p r i m a r i l y  because o f  the 660 l b  i n j e c t o r  element. 

The ove ra l l  envelope o f  tho engine i s  2, 172.8” O.D. by 261.5” t o  the 
plane o f  the gimbal r ing .  

The s t a t i c  and dynamic envelopes f o r  the TRW PFE are shown i n  Figure 
2.1-2 and 2.1-3 f o r  a 6” gimble angle. 

The engine approach r e s u l t s  i n  a r e l a t i v e l y  simple engine approach. 
A blow-apart o f  the engine i s  shown i n  Figure 2.1-4 wi th every major p a r t  
indicated. As contrasted t o  a h igh pressure, pump fed engine the minimized 

major p a r t  summary i s  obvious. 

2.1.2 Prel iminary Spec i f i ca t i on  for TRW Pressure-Fed Engine 

The pre l iminary spec i f i ca t ions  f o r  the TRW candidate PFE are  tabulated 
i n  Table 2.1.2-1. 

2.1.3 Hydraul ic Requirements and Opt imizat ion 

The engine component conf igurat ions were optimized by se lec t ing  those 
conf igurat ions which minimized t c t a l  veh ic le  weight by comparing the e f f e c t  
o f  changes i n  component pressure drop and component weight on veh ic le  weight. 
Representative exchange fac to rs  f o r  the PFB are  as fo l lows:  

11 
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Figure 2.1-3. Dynamic Envelope - 
Candidate PFE 
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* Defined a t  nominal conditions 

Table 2.1.2-1. Preliminary Specification - Space Shuttle 
Booster Pressure Fed Engine 

PARAMETER 

Sea Level Thrust * 
REQUIREMENT 

1.2 x lo6 l b f  
Sea Level Steady State Thrust Repeatabi l i ty  * + 36,000 1Df - 36,000 l b f  
Vaculrn Thrust Leve l  * 1.47 x l o6  l b f  

Vacuum Thrust Level Repeatabi 1 i ty * 

Propellants 
. Oxidizer . Fuel 

+ 45,000 l b f  - 45,000 l b f  

LOX 
RP- 1 

r4ixture Ratio 2.4 
Mixture Ratio Tolerance * 
Propel lant  U t i  1 i ,ation Mixture Rat io  Var ia t ion 
(A1 lowable Maximun) 

t 0.048 

f 0.2; 

Chamber Pressure (Nominal ) 
Nozzle Expansion Ratio 
In ter face Pressures (Minimum Required) 

. Oxidizer . Fuel 

. Oxidizer . Fuel 

Propellant Supply Temperatures 

Sea Level Speci f ic  Impulse (Nominal) 
Sea Level Speci f ic  h p u l s e  (30 minimum) 
Vacuum Speci f ic  Impulse (riominal) 
\'acuurn Specific Impulse (3a minimum) 
Thro t t le  Range 

. Pressure . Engine 

Thro t t le  Response 

250 psia 
5:1 

360 psia 
380 psia 

-280OF 
+65OF 
22?.3 l b f  sec/lbm 
225.0 l b f  sec,/lbm 
276.0 l b f  - l b f  sec/lbm 

273.3 l b f  - l b f  sec/lbrr 

To 70% o f  Enaine Thrust 
< 60 % o f  Engine Thrust 
1 second (90% of Cmanded Change) 

15 



Table 2.1.2-1. ?reliminary Specification - Space Shuttle 
Booster Pressure Fed Engine (Continued) 

PARAKETE R 

Static Envelope 
. Lenqth (overall) . . Exit Diameter . Head End Radius 

Length (frorn Gimbal center line) 

Thrust Vector Contrcl (TYC) System 
'TVC Angle 
TVC Slewrate 
TVC Acceleration 
TVC Bandwidth 
Mission Burn Time 
Life (MBO) 
S t a r t u p  Tine ( to  90% Pc) 
S t a r t u p  Overshoot (Pc) 
S t a r t c p  Overshoot (Pc sett l ing time) 
S t a r t u p  Rate (maximum) 
Shutdown Rate 
Minimum Shutdown Time ( t o  10% Pc) (Engine 
Capabi 1 i ty) 
Shutdown Impulse Repeatability (Enaine Capability) 
Side Load Moment 
S lap  Down Loads 
Thrust Vector Alignment 
Maximum Outside Surface Temperature 
Electrical Power 

, S t a r t u p  . Steady S ta t e  . Shutdown 
Nuniber of S t a r t s  (KBO) 

Propellant Filtration 
Shutdown Mode 
Command Voltage Range 

(Inclusive all  operations) 

REQUIREMENT - 

275 inches 
262 inches 
173 inches 
69 inches 

Gimbal (base1 ine) 
f 6' 
10 deg/sec 

2 3 rad/sec 
8 CPS 
150 seconds 
50 
3 ? 0.050 seconds 
25 ps i  
200 ms 
700,003 lbs/sec maximum 
TBD 
1.0 seconds 

2 40,000 1 bf/seconds 
Equivalent 209 Lateral Acceleration 
209, TBD Impact Yeloci ty 
? . 2 5 O  
3Q0°F 
300 Watts maximum 
200 Watts maximum 
200 Watts maximum 
200 Watts maximum 
100 
2500~ 
Injector Face Shutoff 
0-10 v 

.. 
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Table 2.1 2 - 1 .  Prel iminary Speci f icat ion - Space Shut t le  

Booster Pressure Fed Engine (Continued) 

PARAMETER 

Cornoustion Stabi l i t y  
(100% Overpressure Bomb Recovery - measured 
t o  2 10% nominal Pc) 

. Dry . Wet 

(Measured about engine gimbal) 
. I x x  

Weight 

Moment o f  Ine r t i a  (Wet) 

- IYY 

. sov . Throttle Actuator . Gimbal Actuator 

Ac tua  t i on Mec han i sms 

SOV Leakage 

Structural  Cr i t e r i a  
, H i n .  Yield F.S. . Min. U l t .  F.S. 
, Proof Pressure Factor . Burst Pressure 

Material Prop. & Cesign Allow. 
Fracture Mechanics C r i t e r i a  
Dynamic Stabi l i . ty  Requirepent 
Fa i lure  Cr i t e r i a  

. Elec t r ica l  . Mechanical 

17 

REQUI REYENT 

50 M.S. 

12,000 lbs  
15,500 l b s  

5056 SL FT2 
28895 SL FT2 

Pnemat ic  - 380 psia  
Hydraulic (Fuel) - 380 psia  
Hydraulic (Fuel) - 3000 psia  
10 SCIM GN2 Q 380 psia  

MSFC Handbook - 505 

MIL-HDBK-5 
Yes 
Yes 

FO/FS 
F/S 
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The hydraul ics opt imizat ion was ca r r i ed  out  f o r  the fo l lowing:  

Chamber contract ion r a t i o  
Fuel and oz id i ze r  valve diameter 

Resen f u e l  supply duct diameter 
Regen tubing 

The resu l t s  are presented i n  Figures 2.1.3-1 t o  -5. The opti:;ium chamber 
contract ion r a t i o  i s  approximately 2.2. The optimum f u e l  and ox id i ze r  
valve diameters are 14 and 16 inches, respect ively.  The optimum regen 
fuel duct diameter i s  a lso approximately 14 inches. The e f f e c t  on diameter 

Figure 2.1.3-1. Chamber Contraction Rat io Opt im i th t ion  
f o r  TRW PFE 
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Figure 2.1.3-2. Fuel Valve Diameter Optimization f o r  TRW PFE 

Figure 2.1.3-3. LOX Valve Diameter Optimization 
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Figure 2.1.3-4. Optimization o f  Fuel Feed Duct for TRW PFE 

Figure 2.1.3-5. E f f e c t  o f  Regen Tube Size on Vehicle Weight 
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cpt imizat ion using two sets o f  exchange factors  was evaluated f o r  the 
supply duct. The optimum diameter i s  nearly the same f o r  e i t h e r  se t  o f  
exchange factors, which d i f f e r  considerably. Analysis o f  the ef fect  Of 

regen tube s ize  on vehic le  weight ind icates t h a t  the optimtim hydraul ic 
diameter i s  as la rge  as allowed by thermal and stress const ra in ts .  Mini- 

mizing regen tube pressure drop i s  the dominating f a c t o r  i n  s i z e  optimiz- 
a t i o n  o f  the regen tubes. 

Fuel s ide pressure d i s t r i b u t i o n  through the supply duct, toro id ,  re -  
gen tubes, i n j e c t o r  i n l e t  and i n j e c t i o n  annulus i s  tabulated i n  Figure 
2.1.3-6. The pressure budget f o r  the candidate PFE i s  presented i n  

Figure 2.1.3-7. 

2.1.4 Thrust Vector Control -. 

2.1.4.1 Head End Yechanical Gimball ing 

The basel ine engine approach u t i l i z e s  head end mechanical gimball ing. 

A de ta i led  approach t o  the head end gimbal r i n g  i s  shown i n  Figure 
2.1.4.1-1. I t  incorporates a l a rge  bu t  conventional s t ructured r i n g  w i t h  
spherical bearing pivots.  The spher ical  bearings are the fab ro id  surfaced 
bearings which have c l e a r l y  demonstrated exce l len t  service w i t h  low f r i c -  

t i o n  over very long l i f e  spans. This approach blends we l l  w i t h  the  coaxial 
p i n t l e  i n j e c t o r  al lowing the  use o f  a s ing le  ox id izer  bellows located in -  
s ide the r i n g  on the ax is  o f  the engine. Two f u e l  bellows are required 
fo r  a r t i c u l a t i o n  and are located outside the r i n g  on the ax is  o f  two 
adjacent p i v o t  points.  The f u e l  l i n e  between the bellows i s  f i x e d  t o  
the gimbal r i ng .  An external  res t ra in ing  device t o  prevent bellows ex- 
t2nsion due t o  pressure i s  provided f o r  each f u e l  bellows; however, the 
nature o f  the design el iminates the  need f o r  added r e s t r a i n t  f o r  the ox- 
i d i z e r  bellows. This feature a lso provides a b e n e f i t  by reducing s t ruc-  
t u r a l  loads (engine th rus t )  ca r r i ed  by the gimbal and associated s t ruc tu re  
by near ly 10%. 

2.1.4.2 Secondary I n j e c t i o n  Manifolding I n t o  PFE 

During the PFE study program, consideration 
ary i n j e c t i o n  system could be manifolded t o  pass 

primary coolant tube bundle. The r e s u l t s  o f  the 

was given t o  how B second- 
the i n j e c t a n t  through the 
e f f o r t  a re  shown i n  

I . 

21 



... . 
/" 

. .  

REGION 

FUEL REGEN PIPE 

1577 LBS r- 2 2 4 . ~ 1  
4 

m 

TOROID ENTRANCE 
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Figure 2.1.3-6. Fuel Side Pressure Distribution 

P f f  PRESSURE BUDGET 
REGENERATIVElY CODLEO ENGINE 

RP-1 AP, DSf 

3.5 
2.0 

3.1 

69.0 
1.4 

40.0 
12.0 

131 .O 
250.0 
381 
- 

Liquid Oxmen aP. psi 

5.0 

Location 

Control Valve 
Regen In let  Duct 
Regen Feed Manifold 
Regen Tubes 
Injectm Manifold 
Injector Metering Gap 
Stagnation Press Loss 
Total AP 

Nozzle Stagnation Pressure (psia) 
Supply Pressure (psla) 

-- 
90.0 
12.0 

107- 0 
- 250.0 
357.0 

~~ -\ 3.5 
n 

1.26- 14" Dta - .72 

I 
250 p s i e 4  I 90 

LOCATION OF PESSURE LOSSES 
PSI 

Figure 2.1.3-7. PFE Pressure Budget - Regeneratively Cooled Engine 
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Figure 2.1.4.2-1. The primary coolant tube bundle i s  i t s e l f  manifolded 
i n  the area o f  the secondary i n j e c t a n t  valves. The e x i t  plane t o  manifold 

coolant tubes are terminated i n  t h i s  secondary fue l  manifold which i s  con- 
tinuous c i rcumferent ia l l y  about the nozzle and extends f o r  about four  inches 
along the nozzle. Fuel manifold t o  i n j e c t o r  tubes p i ck  up the coolant f u e l  
a t  the manifold and then car ry  i t  t o  the i n j e c t o r .  The c i rcumfereWa1 
f u e l  manifold i s  machined on the outside t o  accept the secondary i n j e c t i o n  
valves. Ports through the manifold carry  the secondary i n j e c t a n t  f low i n t o  
the hot  gas stream w i t h i n  the nozzle. The continuous manifold approach 
allows f o r  increased nozzle s t i f fen ing ,  and i t  el iminates a troublesome 
feed passage problem f o r  the coolant and the cool ing o f  the SITVC ports.  

2.1.4.3 Swivel Nozzle 

An approach t o  t h r u s t  vector cont ro l  which shows grea t  promise i s  t o  
p i v o t  only the nozzle about a p o i n t  s l i g h t l y  downstream o f  the throat .  
The combustion chamber and head end would be f i x e d  t o  the s t ructure.  

Discussions have been he ld  w i th  United Technology Center regarding 
the use o f  the UTC patented Techrol lQseal  f l u i d  bearing f o r  this applim 
cation. Although the s i ze  o f  bearing required f o r  t h i s  app l i ca t ion  i s  

many times large*- than any y e t  made, the goverfling engineering requlre- 
ment, i.e., u n i t  loading, temperature, angle o f  de f lec t ion ,  etc. , are a l l  
we l l  w i t h i n  demonstrated l i m i t s  f o r  the device. This app l i ca t i on  i s ,  i n  
fac t ,  f a r  less severe than already demonstrated. 

A swivel nozzle using the Techrol l@seal i s  shown i n  Figure 2.1.4.3-1 
f o r  the regen r a t i v e  and cooled chamber w i t h  an a b l a t i v e  nozzle pivoted on 

and dynamic envelopes are a lso ind icated i n  Figure 2.1.4.3-1. The nozzle 
being ab la t i ve ,  i s  consumed and needs replacing a f t e r  each f l i g h t  and, 
therefore, does not  need p i .  . - ;c t ion against  water impact. The f l u i d  
bearing r e a d i l y  lends i t s e l f  t o  a f rang ib le  j o i n t .  

the Techrol l  6) seal and actuated by four  hydrat i l ic  cy l inders.  The s t a t i c  

Thi!: approach o f f e r s  the fo l low ing  advantages: 

0 It el iminates the need f o r  e i t h e r  large, r e l a t i v e l y  h igh ressure 

cool ing tube bundle. 
bellows o r  a secondcry i n j e c t i o n  manifold combined w4th t R e regen 
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The cool ing requirements are subs tan t ia l l y  reduced i n  tha t  only 
the chamber wal ls  and th roa t  requi re  coolant. 
Using duct cool ing reduces the required fue l  tank pressure on the 
order o f  60 ps i .  
Engine weight i s  reduced by 1500 t o  2000 pounds. 
No increase i n  vehic le  diameter i n  the b o a t t a i l  i s  required f o r  a 
b o a t t a i l  t o  engine expansion r a t i o  o f  2. 
Approx'riiately 10,000 pounds o f  nozzle p ro tec t ive  s t ruc tu re  i s  
el iminated f o r  each engine. 
The horsepower requit-ement f o r  g imbal l ing i s  reduced by approx- 
imately 67%. 

2.1.5 I g n i t i o n  Concept 

The i g n i t e r  concept selected i s  a TEA hypergol ic s lug (Triethylaluminum) 

because o f  i t s  proven r e l i a b i l i t y .  The TEA i s  stored i n  a ca r t r i dge  w i t h  
burs t  diagrams a t  e i t h e r  end, which i s  c lose ly  coupled t o  the i n jec to r ,  
Figure 2.1.5-1. The ca r t r i dge  o u t l e t  i s  ported t o  a small volume mani- 
f o l d  which supplies twelve 0.1 inch diameter o r i f i c e s  spaced around the 
p in t l e .  The twelve streams o f  TEA impinge on 12 o f  the 36 primary ox id i ze r  
streams. Thus, the TEA contacts the LOX very close t o  the i n j e c t i o n  o r i -  

* 0 - 2  

x--- 1 X 

Figure 2.1.4.3-1. Regencrative Chamber w i th  Techrol l@ Seal Nozzle 
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f i c e  ou t le ts ,  minimizing the volume o f  LOX accumulated i n  the chamber p r i o r  
t o  i g n i t i o n .  The TEA shut-of f  valve, i n t e g r a l  w i t h  the car t r idge,  i s  se- 
quenced open a t  s t a r t  o f  opening o f  the engine LOX valve. The i n l e t  p o r t  

o f  the TEA ca r t r i dge  i s  supplied w i t h  f u e l  from the main f u e l  l i n e  upstream 
o f  the engine f u e l  valve. The b u r s t  discs are actuated by the f u e l  pres- 

sure. A f t e r  the TEA i s  expelled from the ca r t r i dge  and manifold, f u e l  
continues t o  f low through the TEA i n j e c t i o n  ports,  enter ing i n t o  the mixing 

3 
and combustion process. Tota l  volume o f  the TEA manifolding i s  30 i n  . The 

TEA i s  expel led i n  less than 1 second. 

2.1.6 A f f e c t  o f  In ject ion/Thrust  Chamber Select ion 

The TRW PFE u t i l i z e s  a s ing le  pass cool ing approach. A t  f i r s t  glance 
i t  appears t h a t  the use o f  a two pass cool ing scheme would r e s u l t  i n  an 
optimal PFE. 
i s  no t  the case. I n  addi t ion,  the higher AP requirements i n  the p i n t l e  
i n j e c t o r  would t o  be adverse. A de ta i l ed  analysis was conducted 
t o  determine the nature o f  these e f fec ts .  

However, a t o t a l  system i n t e r a c t i o n  analysis reveals t h i s  

The a f f e c t  on vehic le  weight o f  three d i f f e r e n t  types o f  i n j e c t o r s  i s  
compared i n  Figure 2.1.6-1 . The i n j e c t o r s  compared are the  coaxia l  f l a t  
p late,  and r a d i a l  types. Included i n  the comparison are d i f ferences i n  
chamber length associated with the d i f f e r e n t  i n jec to rs .  Add i t iona l l y ,  two 
pass regenerative cool ing o f  the chamber i s  assumed w i t h  the  f l a t  face and 
r a d i a l  i n jec to rs .  The a f f e c t  on veh ic le  weight i s  presented f o r  two d i f -  
f e ren t  sets o f  exchange factors .  The r e s u l t s  o f  the analysis insure t h a t  
the coaxial  i n jec to r ,  even w i t h  a longer chamber length and higher LOX 
supply pressure requirements, w i l l  r e s u l t  i n  the l i g h t e s t  vehic le  weight 
because o f  the  low weight o f  the coaxial  i n j e c t o r  and the use o f  the s i n g l e  
pass cool i ng concept . 
2.1 . 7 Mass Propert ies 

Deta i led weights data as a func t i on  o f  t h r u s t  were generated dur ing the  
PFE study f o r  both the girnbslled and LITVC regenerat ively cooled engines. 
I n  addi t ion,  weights data f o r  duct cooled and swivel nozzle conf igurat ions 
were generated f o r  a 1200K t h r u s t  engine. These weights data a re  presented 
i n  the fo l low ing  tables. 
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COAXIAL F L A T  FACE RADIAL 

660Y 

I N J E C T O R  5OO01 

INJECTOR 

SINGLE ENGINE WEIGHTS, LBS 

INJECTOR TYPE COAXIAL FLAT FACE 

DRY 11,467 14,607 

WET 14,956 16,864 

RADIAL INJECTION 

13.229 

15,507 

CHANGE I N  POUNDS I N  BOOSTER WEIGHT AS A FUNCTION OF: 

INJECTOR TYPE COAX I AL FLAT FACE RADIAL INJECTION 

x = .85 a = .89 ( 2 )  Propel 1 ant 1 oadi ng r a t i o  a = .a (2)  a = .8g 
- . __ . . . ____. ~ _ _  ~- ~ __ - 

Engine weioht Baseline 160,000 66,800 46 , 300 19,300 

pressure drops 
Nminal encine (1) Basel ine 0 -44,300 0 -44,300 

.--.- - --_ - ..-e.- ~ . _- -,- .._ .... _u..-_ .4-. --_. --_.. . - .- L _- - __ .-___ - - .  - - - - 
TOTAL EFFECT 160,000 22,500 46,300 -25,000 

_.- -~ .- _-____._ --. - -- - ..--..- . .- - .- . .-L-... .~ . .-- .. .- _-._ _-- 
Addition o f  10 mi t o  

Basel i ne 144,000 45,300 144,000 45,300 nominal engine pressure 
drops t o  f l a t  face and 
radial  in jectors 

. - .. - _  - 
! 

..- PL- - _. - -- -.-~ EXCHANGE RATIOS I . . I-- - 
I (1) NOMINAL PRESSURE DROPS '_ . . - -_._ . -_-. -- -- - . 

INJECTOR i FUEL OXIDIZER [-REGENERATIVE i 
i TYPE INJECTOR INJECTOR JACKET ; 

1 E::Y:iCE 50 , 50 A ( a l l  englne wts) 

i a =  .as a = .89 - 'V --- ...- --. . .- , - _.._._ . - DROP, P S I  DROP, PSI DROP, P S I  
-.----.---. ~ . -  e i 

90 60 A (tank t propel w t )  ' 12 5 

A (tank + propel w t )  1 , Lox 2825 I 
I I I 7200 ! ! 

i RADIAL 50 ' 50 50 

I A (pressure drop) I I RP 1715 ! .-. - i 

Figure 2.1.6-1 . Engine Type Weight Comparison 
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1200K Regen Engine System Weight vs.  Contraction Rat io  
(Gimbal Actuators and APU System not included) 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 

13. 
14. 

CONTRACTIOM RATIO = 

Shutoff Valves 
Injector E 1 emen t 
Fuel Manifold and Duct 
Head End Shell 
H _ _  .J Tubes 
Combustim Chamber Shell 
Cowbustion Chmbcr Tubes 
riozzle Bands 
Nozzle Tubes 
Gimbal Assembly 
Gimbal Support Structure 
Integration Hardware 

Residual Fuel 
Residual Oxidizer 

Dry Weight, Gimbalk.: 

Wet Weight, Gimballed 
Dry Weioht, LITVC 
Wet Height, LITVC 

2 3 4 - 
980 980 980 
660 660 660 
676 676 676 
755 1,320 2,040 
41 1 4 58 51 7 

1,759 2,611 3,515 
1,3:6 1,321 1,373 
370 370 370 

1,054 1,054 1,054 
1,676 1,676 1,676 
1,400 1,400 1,400 
400 400 400 

: ,467 12,926 14,661 
3,152 3,205 3,259 
33; 337 337 

14,956 16,468 18,257 
11,561 13,020 14,755 
16,175 17,687 19,476 

Regenerative Engine System Weight vs. Thrust 
(Gimbal Actuators and APU System not included) 

I tern 600K 900K 1200K 1400K 

Shutoff Valves 368 660 980 1230 
2. Injector Element 275 460 660 804 
3. Fuel Manifold and Duct 240 440 676 851 
4. 

I 5. 
6 .  ! 

I 

7. 
8. ' 
9. 
10. 
11. 
12. ! 
13. 
14. 

Head End Shell 
Head Tubes 
Combustion Chamber Shell 
Combustion Chamber Tubes 
Nozzle Bands 
Nozzle Tubes 
Gimbal Assembly 
Gimbal Support Structure 
I n tegra ti on Hardware 
Dry Weight, Gimballed 
Residual Fuel 
Residual Oxidi ter 
Wet Weight, Gimbal led 

267 
216 
623 
663 
131 
527 
419 
495 
200 
4424 
1J 20 
120 

- 

- 
5564 

490 
309 

lJ 41 
995 
240 
791 
942 
910 
300 
7473 
2P59 
21 9 
q947 

- 

- 

755 
41 1 
v59 
1,326 
370 
w54 
,676 
MOO 
400 

11(167 
&I 52 

- 

931 
- - I  

i+T 

954 
480 
v20 
1548 
467 
U30 
Pa0 
1,768 
466 

14298 
3980 
425 

' 4703 

- 
-- 



LITVC Regenerative Engine System Weight 

I 

1 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 

13. 
14. 

15. 
16. 

I I t e m  600K 900K 1200K _ _  1400K 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 

13. 
14. 

Shutoff Valves 
In jec to r  Element 
Fuel Manifold and Duct 
Heat End Shel l  
Head Tubes 
Combustion Chamber Shel l  
Combustion Chamber Tubes 
Nozzle Band 
Nozzle Tubes 
In tegrat ion Hardware 
Eng i ne Support Structure 
LITVCoDucts and Valves 
fo r  5 Equivalent 
Dry Weight, LITVC 
Residual Fuel 
Residual Oxidizer 

Wet Weight, LITVC 

368 
275 
240 
267 
216 
623 
663 
259 
527 
200 
283 
539 

4460 
1J 77 
723 

- 

- 
6360 

660 
460 
440 
490 
309 

1J41 
095 
638 
791 
300 
530 

1336 

1670 

X790 

1J 40 - 
1 woo 

980 
660 
675 
755 
41 1 

w59 
1,326 

1070 
lp54 
400 
800 

m 
1 u 6 1  

2859 
v55 

l a 7 5  

1.230 
804 
85 1 
954 

480 
2220 
1548 
1,452 

4230 
466 

W O  
2422s 

14300 

3580 

a 0  

241 00 

1200K Gimbaled Regenerative Chamber w i t n  
Ab la t i ve  Techrol l  Nozzle ( e =  5) 

Weiqht, LB I tern 

Shutof f  Valves 
I n j e c t o r  Element 
Fuel Manifold and Duct 
Head End Shel l  
Head Tubes 
Combustion Chamber She1 1 
Combustion Chamber Tubes 
Fixed Engine Support Structure 
Throat t o  Nozzle Trans i t ion 
Nozzle 
Nozzle Seal 
I n t e y a  ti on Hardware 

DRY WEIGHT 
Residual Fuel 
Residual Oxidizer 

WET WEIGHT 
Actuators ( 4 )  
APU, Servo Valves 

980 
660 
42 1 
755 
41 1 

1,159 
1,326 

809 
591 

3,636 
240 
4on 

11,979 
- 

1,952 
337 

14,26R 

300 
162 

1fl,730 
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A summary o f  the mass propert ies in format ion f o r  1200K t h r u s t  conf ig-  
urat ions i s  presented below: 

Configuration 

Gimbal l ed  
LfTVC 
Duct 
Swivel 

2.2 MAIN VALVES 

Dry 
Weight 

(Pounds) 

11,467 
11,561 
11,123 
11,979 

Wet Moment o f  
I c e r t i a  About 

Wet S t ruc tura l  
Weight Mass 

(Pounds) (SL-FT2) 

14,956 50,600 
16,175 
11,870 
14,268 49,771 

Wet Moment o f  
I n e r t i a  o f  

50,600 

2,480 

A b u t e r f l y  valve approach was taken f o r  the main valves Figure 2.2-1 . 
This approach was based upon successful comnercial use o f  t h i s  type o f  
valve. Table 2.2-1 sumnarizes some pe r t i nen t  experience. 

Low Pressure Hydraul ic Actuators 

As a basel ine approach low pressure hydraul ic  actuat ion u t i l i z i n g  f u e l  
a t  tank pressure was assumed. The actuators are s i t e a  

t o  a 380 ps ia source. The method provides a power source o f  l a rge  capaci ty 
Vent f low can simply be overboarded i n t o  the engine s k i r t .  Figure 2.2-2 
provides a schematic o f  the ove ra l l  engine valve system. 

The approach al lows f o r  s t ra ight forward design inasmuch as c u r r e n t l y  
ava i lab le  hydraul ic  cy l i nde r  and p i l o t  valve conf igurat ions can be u t i l i z e d  
requ i r ing  no new development o f  seals and mechanisms. 

High Pressure Hydraul ic Actuators 

The actuat ing cy l i nde r  s i z e  can be much reduced and a s i n g l e  stage 
p i l o t  valve p o t e n t i a l l y  used by use o f  h igh pressure hydraul ic  actuators 
(3000 ps i ) .  Standard high pressure hydraul ic  components can be used by 
s imp l i f y i ng  development o f  the system. 

I f standard pump suppl i e d  hydraul i c  PI essure were ava i lab le  i t  UP- 

doubtedly would be the des i rab le source. Fuel can be u t i l i z e d  by increas- 
ing  the pressure using a low pressure operated booster as shown schematical ly 
i n  Figure 2.2-3. Fuel a t  tank pressure i s  appl ied t o  a l a rge  diameter double 
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act ing  cy l inder  which then dr ives :: small cy l i nde r  increasing the pressure 
essent ia l l y  by the r a t i o  o f  p i s ton  areas. 
mechanically actuated. 
f o r  i n d u s t r i a l  appl icat ions.  

Valving can be b u i l t  i n  and 
Devices o f  th is  type are comnercially ava i lab le  

2.2.1 LITVC Valves 

As a r e s u l t  o f  de ta i l ed  LITVC studies RP-1 would be recommended as the 
working f l u i d  due t o  minimum complexity and therefore highest system re- 
l i a b i l i t y  and lowest system development r i s k .  A s m a r y  o f  the s ide s p e c i f i c  
impulse versus t h r u s t  vector angle i s  presented i n  Figure 2.2.1-1 f o r  a 5:l 
nozzle. The performance ca lcu la t ions  were based on m u l t i p l e  o r i f i c e  i n j e c t i o n  
a t  an expansion r a t i o  o f  about 3 : l .  The r e s u l t i n g  i n j e c t a n t  weights and 
vo lmes per engine are presented i n  Figures 2.2.1-2 and 2.2.1-3 as a func t ion  
o f  t o t a l  a x i a l  impulse and a 1" average d e f l e c t i o n  angle. The r e s u l t i n g  duct 
and manifold s izes as a func t i on  o f  t h r u s t  l e v e l  are presented i n  Figure 

2.2.1-4. Also shown are the maximum f lowra te  requirements a t  the 1.2 x 10 
l b f  f o r  5" maximum angle. The RP-1 f lowra te  a t  6" i s  a lso indicated. A 
weight trade-off study was conducted varying the number o f  values f ired a t  
one time and the total number o f  valves per engine based 3n an a n i - a x i s  

cont ro l  system. The r e s u l t s  as presented i n  Figure 2.2.1-5 i nd ica ted  t h a t  
a minimm weight i s  achievable with various combinations. For a 6 O  deflec- 
t i o n  angle w i n g  RP-1 the t o t a l  maximum f lowra te  i s  2100 lbs/sec. Based 
on a comparison o f  volumetric f lowrates a t o t a l  o f  32 valves should be used 
f i r i n g  e i t h e r  6 o r  8 a t  a t ime t o  be able t o  use the l a rges t  cu r ren t l y  a v a i l -  
able servo in jec to r  valve. The recmended  approach i s  to f i r e  6 valves a t  
a time f o r  optimum performance and enlarge the valves t o  handle 350 lbs/sec 
o f  9P-1 a t  380 psia supply pressure. 

6 

A t yp i ca l  valve as shown i n  Figure 2.2.1-6 would have three i n j e c t o r  
p i n t l e s  mechanically l i nked  and posi t ioned b j  ir servovalve c m t r o l l e d  RP-1 
actuator operating o f f  o f  supply l i n e  pressure. The valve should weigh on 
the order o f  12 l b s  and have a f u l l  s t roke response or' about 0.:'' s w v d  
t o  provide the 10 deg/sec slewriitc.. 

2.3 CONTROLS 

The engine includes the fo l low ing  design features: 

1 . B u t t e r f l y  type shu to f f  valves inc lud ing  h igh pressure RP-1 actuators. 

t 
S 

I 

: 
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I I 
e NOZZLE = 5:1 

OPTIMW LOCATION 
APPROXIMATELY AT r = 3: I 

I I 

Figure 2.2.1-1 . i + * i .  Liple Ori f ice Side Specific Impulse vs. 
Iief 1 ect i  on Angl e 

t'i' .; , .. . .e.. 

I I 
10 

0 50 1 I 150 200 250 
)TAL AXIAL IMPULSE - IfF-SEC X 18 
I- I I 
b 0. ' 1.2 1.8 2.4 

AXIAL THRUST - LBF X 106 

, 

Figure 2.2.i-2. LITVC Injectant Wefght vs. Axial 
Impulse per Engine 
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0.6 1.2 I .8 
AXVU THRUST - LBF X le 

Figure 2.2.1-3. LITVC Injectant Wolume vs. Axial 
Impul se per Engine 

F i  

IO 

1 
0.1 0.2 0.4 0.6 0 Z 1.0 2.0 4.0 6.0 8.0 

THR'JST - LBF X 18 

gure 2.2.1-4. LITVC Duct Size vs. Thrust Level 
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% = 40VALVES/ENGINE 
I I 1 I I I I 

NO. OF VALVE 
VALVES WIDTH 

24 I 6  
32 10.7 o 

o MULTIPLE PINTLE VALVES 36 12" 
o RESULTS INCLUCX EFFECT OF RESOLUTION, AND 40 13.5" 

o l . 2X  106 LBF 
o 150 SECOND BURN TIME 
o LOX INJECTANT 
o 6'MAXANGLE 
o 1' AVE. ANGLE 

o N., = TOTAL NO. OF VALVES PER ENGINE 16 27" 
NU = NO. OF VALVES FIRED (OMNI AXIS CONTROL) 

c 

INCLULXD INJECTOR ANGLE 

6 2a5 
B 158 

1210 LB/SEC 
601 
301 

NO. OF 

1 
2 
4 

VALVES USED FLOWRATE 

Figure 2.2.1-5. LITVC Weight vs. Number o f  Valves 

Figure 22.1-6.  
d 

LITVC Servo XnJector V 



2. A two stage, solenoid p i l o t e d  f u e l  i g n i t e r  valve. 
3. A two stage, solenoid p i l o t e d  t h r o t t l e  actuator f o r  i n j e c t o r  

con t ro l led  t h r o t t l i n g .  
4. A two stage, solenoid p i l o t e d  throt.:l actuator f o r  i n j e c t o r  

t r i m  mix ture r a t i o  contro l .  
5. P i tch  and yaw t h r u s t  vector cont ro l  actuators wixh high pressure 

RP-1 gimbal actuators. 

6. Separate engine cont ro l  assemblies ( E a ' s )  f o r  each engine plus 
a stage cont ro l  assembly (SCA) f o r  vehic le  e l e c t r i c a l  in te r fac ing .  

7. Pressure, temperdture and accelerometer instrumentat ion f o r  ground 
checkout, f l i g h t  telemetry data, engine startup/shutdown sequenc- 
and abor t  overr ide functions. 

The fo l low ing  sections describe the cont ro l  l o g i c  and operat ion o f  each o f  
these funct ions . 
E l e c t r i c a l  Requirements 

The primary power source f o r  p o s i t i o n  cont ro l  o f  the major mechanical 
components w i l l  be e i t h e r  high pressure (3000 ps ia)  o r  l i n e  pressure (380 
psia) RP-1 and the e l e c t r i c a l  requirements f o r  the pressure fed  engine 
consis t  o f  p i l o t  valve power, con t ro l  s ignal  c i r c u i t r y  and instrumentat ion 
data tran: Assion. 

cat ing the major veh ic le  and ground support modules. The stage cont ro l  
assembly (SCA) provides the veh ic le  i n t e r f a c e  f o r  a l l  seven engines. Thi:. 
requires 154 leads on the vehic le  s ide  o f  which most (140) are requi red 
t o  handle the valve(s) p o s i t i o n  and engine pressure, temperature and ac- 
celerometer data. There are 34 leads between the SCA and each ECA. Between 
the ECA and the e l e c t r i c a l  components located on the engine 130 leads are 
required. The use o f  redundant actuator  p i l o t  valves increases t h i s  t o  
140. An a l te rna te  approach t o  be considered i s  a comnutated d i g i t a l  i n p u t  
which would reduce the number o f  channels wh i le  adding A/D and D/A connectors. 
Each ECA a lso  includes a wound i n t e r f a c e  connector f o r  engine acceptance 
and in teg ra t i on  t e s t  purposes as we l l  as p r e f l i g h t  checkout. The e l e c t r i c a l  
con t i nu i r y  o f  each ECA c i r c u i t  i s  a lso  checked i n  t h i s  manner. 

Figure 2.3 -1 shows the basic e l e c t r i c a l  layout  i n d i -  

A 28 vdc power supply i s  requi red and voltage regu la t ion  f o r  transdu- 
cert wit1 be accomnodated w i t h i n  the ECA. The power requirements f o r  each 
t " I '  V c d  below. The maximum peak power requirement f o r  the base- 

- b' A' 243 watts. I f  LITVC i s  used the peak t o t a l  becomes 274 
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based on the use o f  32 servo in jector  valves c o n t r o l l i n g  12 a t  a t i m e  (6  on 
and 6 o f f ) .  

I t e m  
Fuel shu to f f  p i l o t  valve 

Oxidizer shuto f f  p i l o t  valve 
Fuel i g n i t e r  p i l o t  2 

TVC gimbal actuators (2)  
LITVC servoi  n jec to r  val ves* (32) 
T h r o t t l e  actuator 
Propel 1 an t  u t i  1 i z a t i  on actuator 
Instrumenta ti on 
ECA 

- Peak Power 
60 watts 
60 watts 
28 watts 

5 watts 
36 watts 
30 watts 
30 watts 
20 watts 
10 watts 

Maxirrum Peak Power 
*A1 ternate LITVC Approach 

243/274* 

2.4 DYNAMIC STABILITY 

The PFE was c r i t i c a l l y  examined f o r  po ten t i a l  h igh frequency and low 
feed system or iented frequency problems. 

system 
It was found t o  be a q u i t e  s tab le  

2.4.1 High Frequency S t a b i l i t y  Approach 

The TRW coaxial  i n j e c t o r  concept has been t e s t  f i r e d  i n  a v a r i e t y  o f  
programs i n  engines ranging i n  s i ze  from 25 l b f  t o  250,000 l b f .  S t a b i l i t y  
evaluations have been conducted i n  mar;y o f  the engine sizes. These evalua- 
t ions have included nondirect ional  bombing as we l l  as pulse gun evaluations. 
Overpressures have been ca r r i ed  t o  150 percent o f  Pc and i n  - a l l  cases, the 
recovery times have been on the order o f  10 t o  15 ms. Typical  recovery re- 
s u l t s  are shown i n  Figure 2.4.1-1 f o r  the LMDE and 250K engines operating 
w i t h  storables and a more receqt 50K engine f i r i n g  w i th  L02/RP-1 (250 psia, 
T 4 : l  MR). Also shown i s  a r e s u l t  f o r  the 250K t h r o t t l e d  5 : l .  These re -  
su l t s  s t rongly  support the TRW ana ly t i ca l  studies and asswt ions  that  the 
concept w i l l  be dynamically s tab le  a t  the PFE s ize  f o r  -. ?e Space Shu t t l e  
Booster appl icat ion.  
t es ts  and hundreds o f  thousands o f  seconds o f  operation TRW's i n j e c t o r s  
have never experienced a s ing le  case o f  combustion i n s t a b i l i t y .  

I n  sumnary, i n  over 20,000 engine dnd t h r u s t  chamber 
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To substant iate the re1 i a b i l i  ty  o f  ' the previously observed behavior 
a s m a l l  subcontract was issued t o  Dynamic Science t o  conduct ana ly t i ca l  
invest igat ions o f  the coaxial  i n j e c t o r ' s  expected s t a b i l i t y  charac ter is t i cs .  

The analysis was perfcrmed using two computer programs developed by 
@ynamic Science. The f i r s t  program calcu lates steady s ta te  performance 
parameters as funct ions o f  i n j e c t o r  desigc var iables.  These parameters 
a r e  then inpu t  t o  the nonl inear  i ns tab i  1 i ty program developed f rom the 

Priem-Guei t e r t  model, as funct ions o f  a x i a l  and r a d i a l  coordinates and 
perturbed a n a l y t i c a l l y  t o  determine the extent  and s e n s i t i v i t y  o f  the ex -  

pected sens i t i ve  regions o f  the engine. 

Results o f  the steady-state analysis were examined t o  determine regions 
o f  po ten t ia l  i n s t a b i l i t y .  These regions should e x h i b i t  l o w  lag (InVIc .02),  
high fue l  vapor izat ion r a t e  (23 1) and should be located f a r  from the 
chamber axis (r + rC). I n  the TRW PFE engine the on ly  regior: found t h a t  
could possibly show i n s t a b i l i t y  was near the atomization plane where the 
gas phase accelerat ion overtakes the drop le t  i n j e c t i o n  ve loc i t y .  This i s  
a lso the most sens i t i ve  region i n  a conventional combuster. I n  the TRW PFE 
1200K engine, however, t h i s  reg ion occurs on ly  a t  low radius (r 18"). 
Calculat ions using the combustion i n s t a b i l i t y  analysis showed t h i s  region 
t o  be absolutely stable.  

Since the f u e l  vapor izat ion r a t e  i s  increasing r a p i d l y  near the atom- 
i z a t i o n  plane d w  t o  d rop le t  heat-up, i t  i s  d i f T i c u l t  t o  accurately assess 
the t r u e  value o f  the burning r a t e  parameter, R i n  t n i s  region. Conse- 
quently some doubt i s  cas t  on the r e s c l t s  o f  the s t a b i l i t y  ca lcu la t ions  
obtained f o r  a conventional i n j e c t o r  design. The l e a s t  s tab le  reg ion was 
found t o  be a t  r = rc j u s t  downstream o f  the atomization plane. Calcula- 
t i ons  using the combustion i. ',abi l i ty  pisogram showed t h i s  reg ion t o  be 
unstable. The neutra l  stab' i ty  p o i n t  f o r  t h i s  reg ion was establ ished and 
a p l o t  o f  p r e s u r e  average VI c h a r a r t e r i s t i c  t i m e  i s  presented i n  Figure 
2.4.1-2 f o r  an i n i t i a l  disturbance j u s t  exceeding the s t a b i l i t y  l i m i t .  The 
cha rac te r i s t i c  t ime required f o r  a disturbance t rave l i ng  a t  sonic speed t o  
t rave l  once around the annular circumference i s  2 ~ .  I t  i s  evident t h a t  
a f t e r  cha rac te r i s t i c  t ime = 2~ the i n i t i a l  pressure disturbance (assumed 

t o  be t inuso ida l  w i t h  AP a -I +015) has been ampl i f ied.  
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Next, 
the TRW engine. Two such ca lcu lat ions are prestlnLed i n  Figure 2.4.1-3. 
The upper curve shows the behavior o f  the l e a s t  s tab le p o i n t  found w i  t h  

lcVl  < .01 and the lower curve shows the behavior o f  a p o i n t  somewhat 
downstream w i t h  a higher blirrl ing r a t e  parameter but w i t h  AV = 4 2 .  
po ints  were rubjected t o  an i den t i ca l  i n i t i a l  Drecwre disturbance. I t 
can be seen th6.t the TRW case i s  very s tab le since the pressure d i s t u r -  
bance i s  rap id l y  damped, as seen experimentally. 

i ! cu la t i ons  were made f o r  the mcst zens i t i ve  region iound f o r  

Both 

2 . 4 2  PFE Low Frequency Dynamic Characterist- ics 

A de ta i led  evaluat ion o f  t.he PFE low frequency dynam'c charac ter is t i cs  

has shcwr? that  the system is  i nherent ly  s tab le and w i l l  no t  susta in  a low 

frequc IC; chugging mode. The 5-7 m i l l i secow l  combtistion delay character- 
i s t i c  o f  the coaxial p i n t l e  i n j e c t o r  r e s u l t s  i n  J c r i t i c a l l y  damped system 
for  the an t ic ipa ted  booster eonf igurat ion.  F :  ::.e 2.3.2-1 shows t h s t  no 
resonant cond i t ion  ex i s t s  where a chamber pressure disturbance can be am- 
p l i f i e d .  The ox id izer  and f u e l  i n j e c t o r  drops provide a high s t a b i l i t y  
margin. Thus, the engine can be t h r o t t l e d  ~y tank pressure blowdown t o  
a t  l e a s t  the 70% point .  The us(: oP i n j e c t o r  t h r o t t l i n g  w i t h  blowdown o f  
t a w  p;^essrtre would a l low the t h r o t t l e  p o i n t  t? be lowered a t  l e a s t  40%. 
S i m i l a r l y ,  the engine w i l l  not  ampl i fy c y c l i c  disturbances i n  tank bottom 
pressure as shown i n  f i g u r e  2.4.2-2. Figure 2.4.2-3 sumnarizes t h z  low 
frequency response charac ter is t i cs  

Addi t ional  studies have shown t h a t  e i t h e r  LITVC o r  gimbal TVC can be 
incorporated w i t h  achievable sletJ ra tes o f  a t  l e a s t  20 deg/sec with both 
f l u i d  snd mechanical s t a b i l i t y .  The engine w i l l  a lso meet the 3 - + 0.05 
mend (90% chamber pressures) and 700,000 lbs/sec (maximum t h s t  bui idup 
ra te )  s ta r tup  requirements w i t h  good margin:. No problems are therefore 
ant ic ipated i n  meeting any o f  the cu r ren t l y  spec i f ied  contro l  ana response 
requirements o f  the PFE. 

2.4.3 POGO i v a l u a t i o n  Summery- 

The resu l t s  o f  the propulsion systen dy.iamic analyses have been used 
t o  evaluate the p o s s i b i l i t y  o f  POGO-type i n s t a b i l i t y .  The 9-e s o s t  prob- 
able modes (Figure L.4.3-1) were evaluated w i th  the r e s u l t s  showing t h a t  a 
low p r o b a b i l i t y  o f  occurrent,. can be achieved through the use o f  s - I  od design 
techniques . 
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One expressed concern w i th  the PFE has been the higher s e n s i t i v i t y  

o f  chamber pressure t o  tank pressure compared w i t h  a high chamber pressure 
engine. However, the high pressi YL tank design more than compensates f o r  
t h i s  and as a r e s u l t  there ex i s t s  ii high s t a b i l i t y  margin. Thus, the prob- 
a b i l i t y  o f  a tank mode POGO problem i s  extreme!y low w i th  the PFE. 

A second p o s s i b i l i t y  i s  a vehic le  mode i n s t a b i l i t y  i n  which the stage 
i s  exc i ted w i t h  respect t o  the proper lant  feed system was i d e n t i f i e d  near 
the end o f  f l i g h t  only i f  the combustion delay time i s  markedly higher 
than the an t ic ipa ted  5-7 m i l l i s e x n d s ,  This occurs on ly  i f  the propulsion 
system and s t ruc tu ra l  resonant frequencies occur a t  about the same frequency, 
Le . ,  20-25 CPS. Even i f  t h i s  were i d e n t i f i e d  as a problem i t  would be easy 
t o  reduce the propulsion system frequency by 1-5 CPS and therby e l iminete 

such a p o s s i b i l i t y .  Figure 2.4.3-2 shows the r e l a t i v e  veh ic le  mode sta- 
b i l i t y  o f  the system as a func t ion  o f  combustion time. Minimal add i t i on  
o f  resistance, capacitance o r  inertance would provide the above noted 
propulsion system frequency s h i f t .  

The p o s s i b i l i t y  o f  a center engine coupling mode was a lso noted a t  
about 11 CPS i f  a s t r a i g h t  down LOX feed l i n e  t o  the engine was incorpor- 
ated. A s t r a i g h t  forward approach designs the feed l i n e  geometry such 
t h a t  the r e l a t i v e  enginelpropel lant  displacement i s  reduced. A substan- 
t i a l  gain margin can be achieved as shown i n  Figure 2.4.3-3 by supplying 
the center engine through a l a t e r a l  l i n e  (o r  l i n e s )  from the outboard 
engi nes feed system. 

2.5 SPECIFIC PERFORMANCE SUMMARY 

PFE performance was e s t h a t e d  f o r  the  base1 i n e  regenerat ively cooled 

Theoretical Performance S.L) 250.0 SEC 
[vacuum) 303.7 SEC 

LOX/RP-1 PFE as fo l lows: 

Combus ti on E f f i c i ency  95 .O% 
K i  n e t i  c E f  f i c i ency 99.8% 
Divergence E f f i c i ency  97.7% 
Viscous Drag 99 . 6% 
Cool i ng 100.0% 

Delivered Performance S.L) 
[vacuum) 

230.7 SEC 
280.2 SEC 

S 

1) 
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Figure  2.5-1. Spec i f i c  Impulse o f  LOX/RP-1 vs.  Mixture Rat io  
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The above represent nominal de l ivered ;lerfomanc.e values a t  a n i x t u r e  
r a t i o  o f  2.4:1, area r a t i o  o f  5;1, and chamber pressure 250 psia.  Graphical 
por t rayal  o f  the theore t ica l  performance, dev idt ion from theore t icd l  and 
c id ivered performance ( f o r  both S.L and Vacuum) are presented i n  Figures 

2.5-1 and 2.5-2 as funct ions o f  mix ture r a t i o  and expansion r a t i o .  Also 
shown i n  the curves are the d i f fe rence between the nominal ae l ivered per- 
formance and 90 percei i t  o f  the theore;.icdl perfcrmance. This d i f fe rence 
can be r ins idered  a development contingencv. 
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3.  PFE PROGRAM 
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The pressure fed engine program i s  depicted i n  Figure 3-1 w i th  i t s  

major a c t i v i t i e s  including: (1) supporting technology programs designed 
t o  evaluate key c r i t i c a l  questions such as scal ing, s t a b i l i t y ,  and per- 
formance, (2)  engine system design and in tegra t ion ,  ( 3 )  production and 
del iver ies,  (4)  f l i g h t  support. The PFE program primary milestones are 
ATP (1972) assuned to be Ju ly  1, 1972, CDR (January 1975), PFC (Ju ly  
1976) and FFC (January 1977). This i s  compatible w i t h  a FPlOF i n  March 
1978. 

The scpport i  ng techno1 ogy e f f o r t s  are key t o  the p r e l  i m i  nary design 
and provide confidence i n  the design apprcaches and c r i t i c a l  design release 
dates. The recommended supporting technology program e f f o r t s  inc lude 50K, 
Z50K and 1200K hot  f i r i n g s  i n  b o i l e r  p l a t e  hardware. These f i r i n g s  are re -  
l a t i v e l y  inexgensive and can be accomplished w i t h i n  the f i r s t  9-12 months 
o f  the progran. As an example, a 1200K b o i l e r  p l a t e  f i r i n g  program by TRW 
Systems can be accorplished f o r  q8 $lB. The resu l t s  would inc lude per for -  
mance, s t a b i l i t y  evaluations, heat flux, feed system coupling reactions, 
and i g n i t i o n  data. The basic design data f o r  the i n j e c t o r  would then be 
avai lab le to  the PDR. 

The development program i s  planned w i t h  a f i r s t  a l l  up engine f i r i n g  
19 months i n t G  the schedule from ATP. A review o f  the manufacturing re-  
quirements, vendor support requirements, and f a c i l i t y  modi f icat ions i n d i -  

cates a s u f f i c i e n t  margin cif calendar time t o  meet the schedule. 

The EAFB f a c i l i t y  i s  selected as the primary development f a c i l i t y .  
The program requires the f a c i l i t y  preparat ion t o  be i n i t i a t e d  a t  ATP. 
The component f i r i n g  pos i t ions are required f o r  the support ing technology 
e f f o r t s  as we l l  as the i n i t i a l  chamber, i g n i t i o n ,  and i n j e c t o r  evaluat ion 
e f f o r t s .  

The engine design approach suggests t h a t  a l i f e  o f  50 missions i s  
w i t h i n  the s ta te - i f - t he -a r t  today. Therefore the refurbishment operations 
can be reduced t o  F,,ntenance funct ions f o r  the most p a r t  w i t h  only oc- 
casional t o t a l  engine over ' - 1 ;  ,- ilecessary. This minimizes the cos t  
o f  the support f u n c t h  , r i e s  through the end o f  the program (1989). 
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3.1 PHASE C/D OVERVIEW 

The program schedule (Figure 3.1-1) has been prepared on three bases: 
(1) a basel ine program w i th  3/1/78 FMOF, (2) a maximum success program 
wi th  a mid 1977 FMOF, and (3) a most probable program w i t h  a 1/1/79 FMOF. 

The nominal development program i s  a 54 month program through FFC. The 
program provides f o r  an extensive component development e f f o r t  which al lows 
a f i r s t  a l l  up engine f i r i n g  18 months a f t e r  ATP. 

The component e f f o r t  runs i n j e c t o r  and i g n i t i o n  development i n  p a r a l l e l  
w i th  t h r u s t  chamber development. S i m i l a r l y  the valving, actuator and other  
contro l  funct ions are being developed i n  the same per iod o f  time. 

Ac t iva t ion  o f  the EAFB 2A f a c i l i t y  t o  receive the f i r s t  development 
hardware 4 t o  5 months i n t o  the program must occur a t  ATP. S i m i l a r l y  the 
refurbishment o f  the 1B stand t o  receive the f i r s t  t h r u s t  chamber f o r  ex- 
tended durat ion t e s t i n g  approximately 9 months l a t e r  must begin a t  ATP. 

The development engine program includes mission duty cyc le  runs w i t h  
simulated reentry  heating, splashdown quenching and water impact loading, 
sea water immersion, refurbishment cycles and r e f i r i n g  tests .  

The f l i g h t  engine de l i ve r ies  are spaced a t  even increments beyond 
FMOF. 

The maximum success program enables the FMOF p o i n t  t o  move forward 
i n  time approximately 9 months. To accomplish i t  add i t iona l  hardware and 
para1 1 e l  t e s t i  ng i s  requi red, w i t h  a m i  nimum o f  development d i  ff i cul  ty 
t o  be expected. 

The most probable schedule resu l t s  i n  a 9 month FMOF schedule slippage. 

3.2 REUSABLE PRESSURE FED BOOSTEE EXSINE CONFIGURATION DEFINITION 
APPROACH 

The design basis f o r  the reusable pressure fed booster engine conf ig-  
u ra t i on  d e f i n i t i o n  (Figure 3.2-1) w i l l  be i n i t i a l l y  establ ished by the 
advance technology t e s t i n g  performed on the 50K, 250K acd 1.2M l b  work- 
horse t h r u s t  chamber assemblies. The r e s u l t s  o f  t h i s  e a r l y  work w i l l  be 
u t i l i z e d  t o  design the i n jec to r ,  t h rus t  chamber assembly and valves and 
contro ls  component t e s t  hardware. The r e s u l t s  o f  the component t e s t i n g  
w i l l  provide the informat ion f o r  the pre l iminary i n teg ra t i on  engine 
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conf igurat ion optimization. 
design w i th  maximum p roduc ib i l i t y ,  minimum maintenance, minimum weight 
consistent w i t h  imximum r e l i a b i l i t y  and minimum cost. 

This opt imizat ion w i l l  inc lude obtaining a 

The opt imizat ion resu l t s  w i l l  culminate i n  the pre l iminary f l i g h t  
engine design which w i l l  be subjected t o  extensive i n teg ra t i on  tests.  
The in tegra t ion  t e s t  program including engine repeatab i l i t y ,  performance, 
l i f e ,  l i m i t ,  o f f  l i m i t ,  s t a b i l i t y  and s t ruc tu ra l  i n t e g r i t y  w i l l  ver igy 
the design approach a n i  w i th  some updating based on these t e s t  resu l t s  
provide the prel iminary f l i g h t  c e r t i f i c a t i o n  (PFC) engine design. 

The PFC tes ts  w i l l  v e r i f y  the a b i l i t y  o f  the engine t o  provide sa t i s -  
factory  operation f o r  50 reuses. Minor changes, i f  any, w i l l  be made t o  
the design t o  produce the engine f o r  f i n a l  f l i g h t  c e r t i f i c a t i o n  (FFC). 

3 . 3  PROGRAM SCHEDULE TO PRELIMINARY FLIGHT ENGINE F I R I N G  

A c r i t i c a l  p a r t  o f  any development program i s  the achievement o f  the 
f i r s t  a l l  up engine f i r i n g  as ea r l y  as possible i n  the program. An engine 
design weakness may no t  appear u n t i l  t h i s  f i r i n g .  This time f o r  the TRW 
PFE i s  projected a t  18 t o  19 months. The f i r s t  a l l  up engine may not  have 
a l l  f l i g h t  configured hardware on it, bu t  i t  must include a l l  f l i g h t  
functions on it. The approach t o  meeting t h i s  date i s  i l l u s t r a t e d  i n  
Figure 3.3-1. The i n j e c t o r  and chamber designs come ou t  o f  the  component 
development e f f o r t s  and as such are t e s t  v e r i f i e d  t o  the extent they w i l l  
s a t i s f y  the i n i t i a l  a l l  up eilgine requirements. As a lso  shown, the a n t i -  
cipated component del iveyy date i s  17 months a f t e r  ATP. The f i r i n g  o f  

t h i s  engine i s  scheduied a t  19 months. This f i r s t  a l l  up engine f o r  
f i r i n g  i s  the number 8 t h r u s t  chamber i n  the fab r i ca t i on  process. The 
fab r i ca t i on  times are the ' indicated vendor time. 2 months are a l loca ted  
t o  assembly and stand i n s t a l l a t i o n .  

3.4 COMPONENT TEST AND CERTIFICATION PROGRAM 

The development program time and hardware requirements f o r  the PFE 
are i l l u s t r a t e d  i n  Figure 3.4-1. As planned here a s u f f i c i e n t  number o f  
tes ts  and quant i ty  o f  hardware are u t i l i z e d  t o  provid? h i $  confidence 
i n the development resul  t s  . 

Figure 3.4-2 i l h s t r a t e s  the engine c e r t i f k a t i o n  program. The 
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e n t i r e  e f f o r t  requires 48 months t o  PFC and 54 months t o  FFC. 

3.5 TRW REUSABLE PRESSURE FED BOOSTER ENGINE 
MANUFACTURING FLOW PLAN 

The TRW PFE manufacturing program plan (Figure 3.5-1) emphasizes the 
use o f  the nat ion 's  specia l ty  manufacturing expert ise. This approach re- 
s u l t s  i n  a minimum cost o f  f ab r i ca t i on  alid assembly, e l iminates the need 
f o r  development and organizat ion o f  "one time only" company funct ions 
which a t  the close o f  the program culminate i n  la rge  l o c a l  soc ia l  upheavals, 
and allows the PFE program t o  accelerate rap id l y  i n  i t s  i n i t i a l  phases t o  
the po in t  t h a t  ea r l y  proof t es t i ng  o f  components can e l iminate troublesome 
development problems. 

The major components f low t o  the ma:or t e s t  f a c i l i t y  f o r  f i n a l  engine 
assembly and checkout. The EAFB t e s t  f a c i l i t y  would be modif ied t o  inc lude 
t h i s  assembly funct ion.  This major assembly area would provide necessary 
engine t o  reac t ive  t e s t  s i t e s  a t  EAFB and the NASA acceptance f i r i n g  loca- 
t ions.  wn overhaul and refurbishment center i s  a lso  establ ished a t  the 
launch f a c i l i t y .  

The engine del i ve ry  r a t e  requirements are compati b l  e w i  th several 
modes o f  transportat ion. 
would be by a i r  u t i l i z i n g  the  Super Guppy. Transfer from the NASA f a c i l i t y  

would be by barge. 

Del ivery  from EAFB t o  NASA t e s t  f a c i l i t i e s  

A continued cost analycis o f  the program may ind i ca te  t h a t  i n  the pro- 
duction program the major assembly and f i r i n g  acceptance funct ions should 
be combined a t  the NASA f i r i n g  s i t e .  I n  t h i s  case the above p lan i s  modi- 
f i e d  only t o  the extent t ha t  the components f low t o  t h i s  s i t e  f o r  assembly 
and checkout. 

3.6 PROGRAM COSTS 

The projected program costs f o r  the nominal 50 mission TRW PFE a re  

shown i n  Table 3.6-1 f o r  several engine conf igurat ions and schedules. The 
basel ine regenerative, f i x e d  th rus t ,  g imbal l ing engine program i s  pro jected 
a t  a t o t a l  cost  o f  $247.12KD Adding the t h r o t t l i n g ,  face shut o f f  fea ture  
w i l l  add about 10% t o  the program ($270.65N). A key feature t o  the achieve- 
ment o f  these costs i s  i n  the i n j e c t o r  and chamber approach taken by TRW 
Systems. The i n j e c t o r  approach r e s u l t s  i n  an order o f  magnitude reduct ion 
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i n  i n jec to r  costs f r o m  tha t  o f  conventional engines. 

The maximum success program w i t h  some p a r a l l e l  development e f f o r t  i n -  
dicates the p c s s i b i l i t y  o f  an 8/1/77 FPlOF a t  a program cost  o t  $267.08. 
An addi t ional  procjram schedule o f  9 months for  the most probable program 
resu l t s  i n  a cost o f  $258.9m. 

The conf igurat ions l i s t e d  are based on: 

Thrust Level 5 : 

Chamber Pressure : 
Expansfon Area Ratio: 
Propellants: 
Overal l  Mixture Ratio: 
Cool ing L i f i g u r a t i o n :  
T h r o t t l  i ng Capabi 1 i ty : 

TVC System: 

The aswnptions used were: 

600,000 lbs and 1,200,000 l b s  
250 ps ia  
5:l 
LOX/RP 
2.4:l 
Regenerative; Duct 
None, Continuous t o  70% o f  Thrust 
LITVC 
Gimbal 

2 Axis, Head End P ivo t  

1 . Refurbishment (p r imar i l y  checkout and replacement o f  components 
on vehic le  1 i m i  ted overhaul ) 

2. No cost  f o r  removal o f  engine from veh ic le  
3. Cost FOB TRW Systems 
4. Spares 

a) Parts f o r  de l i verab le  engines, one percent o f  ac t i ve  components 
b) Opera ti onal spares ca l  cu l  a ted 2s : 

Cost o f  de l ivered engine times percent o f  a c t i v e  components 
For 445 f l i g h t  program assumed t h a t  each ac t i ve  component 
would on the average be replaced once (100%) 
For reduced f l i g h t  program spare par ts  assumed t o  be re- 
duced by the l o g a r i t h i  o f  the number o f  uses per engine 

Some adjustment f o r  higher ra tes  e a r l y  i n  the  program 
5. Product assurance included i n  hardware costs 
6. Engine w i l l  be shipped as a f u l l y  in tegra ted  assembly 
7. Cost f o r  launch s i t e  p r i o r  t o  FMOF i n  RDT and E 
8. Cost through fee (p r ice)  

+ 
i 
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The PFE program approach taken by TRW has a reduced number of critical 
definition dates i n  the overall progrsm. These are as indicated in Table 
3.6-2. 

ENGINE 

Table 3.6-2. Critical Definition Dates 

FROM ATP 

o PROPELLANT L I N E  INTERFACE 18 MONTHS 

CRITICAL CDR 
CONFIGURATION RESTRAINT 

BELLOWS FOR GIMBAL 

o ENGINE MOUNT 18 MONTHS FABRICATION TIME 

o TVC SELECTION ? 3  MONTHS ILITVC) CHAMBER ASSEMBLY 

4 REQUIRES PARALLEL DEVELOPMENT) 15 MONTHS #GIMBAL) 

FACILITY ACTIVATION 

o EAFB 2A (COMPCNENTS) 

o EAFB 18 

AT ATP 

AT ATP 
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4. SUPPORTING RESEARCH AND TECHNOLOGY REQUIREMENTS 

The TRW PFE approach as selected maximizes the advantages o f  a s ta te-  
o f - the-ar t  approach and minimizes the scope o f  supporting research and 
technology requirements. 
ihere & re  c e r t a i n  unknown areas which requ i re  support ing research i n  order 
t o  f i n a l i z e  the design approach. These areas are sumnarized here. Most 
can be accomplished i n  9 t o  12 month ana ly t i ca l  and experimental programs. 
The derived data would be d i r e c t l y  appl icable t o  PDR phases i n  the develop- 

men t program. 

E 

decause i t  i s  a new engine w i th  long service l i f e ,  

4.1 INJECTOR 

status 

The scal ing o f  the coaxial  p i n t l e  i n j e c t o r  t o  1,200K represents a 
s i g n i f i c a n t  s i ze  step i n  i t s  appl icat ion.  The la rges t  s i ze  u n i t  ever 
t e s t  f i r e d  was a t  250K thrust ,  300 ps ia w i th  ea r th  storables under A i r  
Force sponsorship. The la rges t  u n i t  t e s t  f i r e d  with L02/RP-1 was 50K 
a t  250 psia. I n  no case has i t  been possible t o  d r i v e  the u n i t  unstable, 
and i t s  performance has been adequate f o r  the pressure fed  booster app l i -  
cat ion.  The approach has been t h r o t t l e d  5:l mechanically i n  a l a r g e r  
s i ze  (250K), and, i t  has been pressure t h r o t t l e d  30% from 300 ps ia wi th-  
out  i ncu r r i ng  chugging problems. The type o f  t e s t i n g  requi red i s  no t  
t h a t  f o r  a s i g n i f i c a n t  technological break through, bu t  more o f  v e r i f i -  
ca t i on  o f  approach. 

Jus ti f i cat ion  

The primary unknown i n  the appraoch i s  associated w i t h  i t s  a b i l i t y  t o  
be scaled t o  1,200K whi le  re ta in ing  i t s  previously demonstrated s t a b i l i t y  
and performance charac ter is t i cs .  Previous la rge  engine scal ing d i f f i c u l -  
t i e s  have been we l l  documented f o r  comparison (F-1 , M-1). 

Technical Approach 

- . -  

The object ives o f  t h i s  task woLid be t o  inves t iga te  the fo l low ing  
areas w i th  the ind icated techniques. 
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Area - 
0 S t a b i l i t y ,  High Frequency 

0 Low Frequency 

0 Pressure T h r o t t l e  L im i t s  

. ?. 

0 Performance S c a l a b i l i t y  o f  
TRW Coaxial I n j e c t o r  

This e f f o r t  wou 

4.2 IGNITION 

Status 

Technique 
Uncooled 1,200K b o i l e r  p l a t e  chamber 
Bomb and pulse gun 
Uncooled 1,200K b o i l e r  p l a t e  
chamber, feed system simulat ion, 
pulse feed systei i  
Pressure decay f o r  1 i m i  t s  

0 Minimum AP/Pc 

0 Pulse System 

Uncool ed, cool ed chambers - simul a te  
f u e l  temperature, sho r t  durat ion 

0 250,000 l b f  sca l ing  
0 1,200K b o i l e r  p l a t e  
e L/D segment addi t ions 
0 MR, Pc sweeps 
0 AP requirements 

d requ i re  a 12 month technical  e f f o r t .  

The selected means f o r  i g n i t i o n  o f  the PFE i s  by hypergol s lug s i m i l a r  
t o  t h a t  used i n  the F-1. The 1,200K PFE i s  the l a rges t  device y e t  conceived 
which requires an a u x i l l i a r y  i g n i t i o n  source. As a l a rge  dev;ce the requdre- 
ments f o r  a safe i g n i t i o n  o f  L02/RP-1 must be c a r e f u l l y  determined by syn- 
thesis o f  theory and empericism. Successful TEA i g n i t i o n  o f  L02/RP-1 has 
been conducted i n  a 50K L02/RP-1 PFE. The F-1 has a lso  been i g n i t e d  by 
TEA/TEB when operated as a PFE a t  h igh pressure. 

J u s t i f i c a t i o n  

The primary unknown area associated w i t h  the PFE i g n i t i o n  requirements 
i s  t h a t  o f  sequencing the propel lants  and hypergol i n t o  the la rge  PFE 
chamber. The coaxial  i n j e c t o r  i s  s u f f i c i e n t l y  d i f f e r e n t  from the F-1 t o  
necessitate an i nves t i ga t i on  o f  the candidate i g n i t i o n  system. 
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Technical Approach 

The i g n i t i o n  requirements would be determined by cmducting a series 
of i g n i t i o n  tests i n  boiler plate hardware a t  both  250K and 1,200K thrust 
levels. 
jection, and the amount of fuel flush required t o  accomplish the i g n i t i o n  
safely would be determined from various sequences. 

4.3 MAIN VALVES 

The quant i ty  of hypergol, the number of required points of i n -  

Status 

The main valve requirements are not particularly stringent or burden- 
some t o  the designs. 
t a n k  pressure heads locked up  behind them a t  i g n i t i o n .  A t  thrust termin- 
at ion command t o  s h u t  off they must adequately seal the propellant flows, 
again w i t h  h i g h  t a n k  pressures behind them. Comnercial use of the type 
o f  valves contemplated indicates no problem i n  repeated actuation for the 
number of cycles contemplated for the Space Shuttle. The usual commercial 
environment does no t ,  however, have a sizeable g-field imposed on i t .  The 
repeatability of the valves t o  meet precise start/stop transient require- 
ments has never been demonstrated. None o f  these valves have ever been 
cyclicly exposed t o  sea water. 

However, the valves are large, and they have fu l l  

Jus t i  f ication 

The h i g h  pressure loadings combined w i t h  the resultant high seat loads, 
aerospace f l i g h t  requirements t o  withstand given g-fields apd start/stop 
transients necessitate an invest igat ion o f  tht  basic design for the Space 
Shuttle application. 

Technical Plan 

Since the basic design approach requires some verification, config- 
urations fo r  both  the LO2 and RP-1 would be acquired and the following 
i nves t i g a  tions carried out .  

Area - 
0 Cyclic seal l i fe  Cycle 

cycle 
0 U n i t  seal loads 0 

0 

This requires an 8 month technical effort. 
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Technique 
simulated seal t o  full duty 
w i  t h  propel 1 a n t  
Cryogenic sea water exposure 
Simulate loads 

.a 

t 
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4.4 THRUST CHAMBERS 

status 

The cool ing concept i t s e l f  i s  s ta te-of - the-ar t .  The A t l a s ,  H-1, F-1 
background data i s  s u f f i c i e n t  f o r  the design o f  the t h r u s t  chambers from 
a coolant p o i n t  o f  view. The l i f e  and exposure environment c y c l i c  e f fec ts  
have never been proven f o r  the mission requirements o f  Space Shutt le.  Sea 
water exposure e f fec ts  have been only  b r i e f l y  invest igated. An H-1 engine 
was given a minimal exposure t o  sea water, c a r e f u l l y  taken apart,  cleaned, 
reassembled and f i r e d ;  however, t h i s  exercise was a long ways from the de- 
s i red  operationi i l  philosophy o f  the Space Shut t le  vehic le.  The lorlg term 
e f fec ts  o f  repeated cyc' ing o f  corrosion are l a r g e l y  unknown. 

Jus ti f i ca ti on 

The r e a l i z a t i o n  o f  the f u l l  cos t  savings po ten t i a l  o f  the Space Shut t le  
concept requires t h a t  the TCA e x h i b i t  f u l l  mission c a p a b i l i t y  w i t h  a minimum 
o f  refurbishment and replacement. The unknown e f f e c t s  o f  sea water quench- 
ing, fo l low ing  f u l l  thermal cyc l ing,  fo l lowed by c y c l i c  exposure t o  the 
atmosphere and sea k.ater requ i re  i nves t i ga t i on  t o  ga in confidence i n  the 
design and f a b r i c a t i o n  techniques. 

Technical Approach 

It i s  suggested t h a t  most o f  the requi red data can be acquired w i t h  a 
sma l le r  PFE on the order o f  50,000 l b f .  This u n i t  would be thermal ly cycled 
through i t s  l i f e  and s a l t  water quenched a f t e r  each f i r i n g .  
the chamber would be p e r i o d i c a l l y  exposed t o  24 hours o f  sea water immersion, 
drained, f lushed and r e f i r e d .  Careful physical examination o f  the chamber 
along w i t h  the use o f  s t r a i n  data and pressure proof ing tes ts  would provide 
data f o r  design purposes. Following the f i n a l  tes ts ,  the chamber would be 
purposeful ly pressure ruptured t o  determine i t s  f i n a l  margin. I n  addi t ion,  
the tubes would be sectioned t o  determine long term, i f  any, deleter ious 

I n  addi t ion,  

e f fec ts  o f  coking and sea water exposure, both i n t e r n a l l y  

4.5 FUEL SYSTEM COUPLING 

Status -- 
All veh ic le  designs recognize t h a t  the pressure ga in  

stage are considerably l a rge r  than f o r  a pump fed engine. 

and external ly .  

r a t i o s  t o r  the PFE 
Because o f  a POGO 

f 
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s u s c e p t i b i l i t y  on S-1C and t h i s  high ga in  r a t i o ,  there ex i s t s  some question 

as t o  the designer's a b i l i t y  t o  synthesize a r e l i a b l e  pressure fed stage. 
However, there are a number o f  m i s s i l e  pressure fed systems f l y i n g .  

addit ion, the de l i ve ry  ends o f  the Apollo vehicle, the Command Service 
Module, the descent and ascent stages are a l l  pressure f e d  and f l y  wi thout  
d i  f f i c u l  t y  . 

I n  

The problem on S-1C was a l l e v i a t e d  by use o f  a capacitance i n  the feed 
system. This f i x  was v i r t u a l l y  d i c ta ted  by the f a c t  t h a t  the stage design 
was completed when the problem was discovered. I t  was no t  necessar i ly  the 
mos t optimum. 

J u s t i f i c a t i o n  

Low frequency propel lant  system coupling w i t h  the PFE can lead t o  de- 
s t ruc t i on  o f  the stage o r  an unacceptable g-loading on personnel o r  com- 
ponents. The aser t ion  t h a t  the TRW PFE has a s t a b i l i z i n g  in f luence on 
such coupling requires v e r i f i c a t i o n .  

Technical Approach 

The developed ana ly t i ca l  too ls  are adequate t o  inves t iga te  t h i s  pro- 
blem area t o  a i d  i n  the design o f  the ove ra l l  stage. Actual de ta i l ed  
dynamic response analysis would be conducted f o r  the PFB. A d i r e c t  com- 
parison wodd be made w i th  the S-1C problem, i n  order t o  provide an assess- 

ment o f  the problems o f  low frequency coupling. 

4.6 OVERALL DEVELOPMENT R I S K  ASSESSMENT 

The conservative design approach taken w i t h  the TRW PFE r e s u l t s  i n  a 
high confidence t h a t  the  PFE can be developed w i t h i n  the Space Shut t le  
time reference requirements . Because o f  i t s  cimpl i c i  ty and the maximi t i ng 
o f  s ta te-of - the-ar t  procedures and mater ia ls select ions , the cos t  estimates 
o f  such an e f f o r t  can be looked upon w i t h  a high degree o f  confidence. The 
primary development e f f o r t  can then be d i rec ted  t o  a demonstration o f  l i f e  
and the development o f  low cost  f ab r i ca t i on  and maintenance procedures. 
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